Background: Mogat1 inhibition improves glucose metabolism in obese mice, but its effects on liver injury are unknown. Results: Mogat1 knockdown improved hepatic metabolic abnormalities but did not reduce liver inflammation or injury. Conclusion: Hepatic injury and metabolic abnormalities are separable disease entities. Significance: Attention to liver injury markers should be made when evaluating metabolic therapies.
Nonalcoholic fatty liver disease (NAFLD) 3 is one of the most common types of chronic liver disease. NAFLD is extremely prevalent in obese individuals, and rates of NAFLD are rising with the increased incidence of obesity. The term "NAFLD" encompasses a spectrum of disorders that ranges from simple steatosis to steatohepatitis (NASH) and cirrhosis, although only a small percentage of patients with NAFLD are classified to have NASH (1) . Moreover, it is not clear whether simple steatosis progresses to NASH or whether these are two separate entities. Several genetic, dietary, and environmental factors have been implicated as risk factors for NASH (2) (3) (4) . In addition, evidence has emerged that hepatic insulin resistance and inflammation, probably caused by accumulation of toxic lipids, may play a role in the development and progression of NASH. However, much remains unclear regarding the pathogenic mechanisms of NASH development, and the dynamic interplay among abnormal intermediary metabolism, insulin resistance, inflammation, and liver injury is unclear.
The hallmark of NAFLD is accumulation of neutral lipids, primarily triacylglycerol (TAG) by mass, in hepatocytes. Mammalian cells synthesize TAG by two convergent pathways: the glycerol-3-phosphate and the monoacylglycerol acyltransferase (MGAT) pathways. MGAT enzymes catalyze the acylation of MAG to DAG, which is the direct precursor of TAG. In higher organisms, a family of three related genes (Mogat1, Mogat2, and Mogat3) encoding enzymes with MGAT activity has been identified, but the mouse Mogat3 is a pseudogene (5) .
MGATs have been most thoroughly studied in intestinal enterocytes, where they play important roles in mediating dietary fat absorption and chylomicron secretion (6, 7) . MGAT activity may also be important for TAG recycling by re-esterifying fatty acids to lipolytic remnants (8, 9) .
MGAT activity in human liver is substantial (10) , and MGAT expression is strikingly increased in NAFLD (10 -13) . Previous work using antisense oligonucleotides (ASOs) and RNAi approaches have shown that short term hepatic suppression of Mogat1 led to a significant improvement in hepatic insulin signaling and whole-body glucose homeostasis (12, 13) . The improved glucose tolerance after ASO-mediated knockdown was associated with improved insulin signaling in liver but not other tissues and was not associated with enhanced insulin secretion (13) . Although both previous studies demonstrated a profound insulin-sensitizing effect, neither study examined markers of liver injury, inflammation, or fibrosis after knockdown of Mogat1.
In this study, we characterized the transcriptional effects of inhibiting Mogat1 in diet-induced obese (DIO) mice. The surprising finding was that Mogat1 knockdown by ASO for 3 weeks actually exacerbated expression of markers of oxidative stress and inflammatory signaling in mice with marked improvements in glucose homeostasis and hepatic insulin signaling. Therefore, we also evaluated the effects of prolonged inhibition of Mogat1 in liver and adipose tissue by ASO injection in a mouse model of NASH provoked by feeding a diet enriched with trans fat, fructose, and cholesterol (14, 15) . Suppression of hepatic and adipose tissue Mogat1 attenuated weight gain, reduced hepatic TAG content, and markedly improved glucose tolerance in mice fed this diet. However, Mogat1 inhibition ultimately did not reduce hepatocyte ballooning, NAFLD scoring, or expression of gene markers of inflammation, macrophage infiltration, and stellate cell activation. These data suggest a disconnect between the beneficial metabolic effects of Mogat1 inhibition, hepatic inflammation, and the pathogenesis of NASH in a mouse model. This study also aids in the understanding of the difference between the benign entity of fat accumulation in the liver and hepatic injury, inflammation, and fibrosis.
EXPERIMENTAL PROCEDURES
Animal Study Design-For data shown in Fig. 1 , C57BL/6J male mice were fed chow providing 60% of calories from fatty acids (D12492, Research Diets Inc.) starting at 6 weeks of age. Age-matched mice were maintained on a matched 10% fat chow (D12450B, Research Diets Inc.). Mice received intraperitoneal injections of ASO directed against Mogat1 or a scrambled control ASO (25 mg/kg body weight; ISIS Pharmaceuticals, Carlsbad, CA) twice a week for 3 weeks. Treatments were initiated after 14 weeks of high fat diet feeding as described (13) . Mice were sacrificed after 3 weeks of injections with ASOs, and tissues were harvested, frozen in liquid nitrogen, and stored at Ϫ80°for further analyses.
In a second study, 7-week-old C57BL/6J male mice purchased from Jackson Laboratories (Bar Harbor, ME) were placed on a diet enriched with fat (40% kcal, mainly trans fat; trans-oleic and trans-linoleic acids), cholesterol (2% weight), and fructose (22% weight) (HTF-C diet) (D09100301 Research Diets Inc.) that has been described to cause hepatic injury and inflammation (14) . Age-and strain-matched mice were fed a matched low fat (10% kcal) control diet that was not supplemented with fructose or cholesterol (LF diet) (D09100304, Research Diets Inc.). Diet compositions can be found in Table  1 . After remaining on the designated diets for 4 weeks, the mice received intraperitoneal injections of ASO directed against Mogat1 or scrambled control ASO (25 mg/kg body weight; ISIS Pharmaceuticals, Carlsbad, CA). Injections were given twice a week for 2 weeks and then once a week for 10 weeks. Body weight was checked weekly. Mice were sacrificed, and tissues were harvested at the end of week 16 of the study after a 4-h fast. Liver, gonadal, and subcutaneous fat tissue samples were frozen in liquid nitrogen and stored at Ϫ80°C. Animal studies were approved by the institutional animal use and care committees of Washington University School of Medicine and fulfilled National Institutes of Health requirements for humane care.
Glucose Tolerance Test-At week 14 of the study, two mice were fasted for 6 h and then injected with a 10% D-glucose solution (1 g/kg). Tail blood glucose was measured at 0, 30, 60, and 120 min after injection using a One-Touch Ultra glucometer (Life Scan, Inc.). Total area under the curve was calculated using the trapezoidal rule. 
Mogat1 Inhibition and NASH
Hepatocyte Isolation and Metabolic Studies-Primary mouse hepatocytes were isolated and cultured as described previously (16) . All metabolic experiments were carried out 4 -5 h after the hepatocytes were plated. Palmitate oxidation rates were assessed using [ 3 H]palmitate as described previously (16, 17) . De novo lipogenesis was measured by determining the incorporation rate of [ 14 C]acetate in cellular fatty acids following a 2-h incubation period (18) . TAG synthesis rates were quantified by using [ 3 H]glycerol in the presence of 0.2 mM BSA-conjugated oleic acid as described previously (19) , and TAG turnover was estimated by counting the intracellular [ 3 H]TAG content 14 h after [ 3 H]glycerol pulse.
Western Blot Analyses of Insulin Signaling-After a 4-h attachment period, hepatocytes were incubated in serum-free DMEM for 1 h. Protein extracts were obtained from hepatocytes 5 min after stimulation with 100 nM insulin. Antibodies to Akt, Ser(P)-473 Akt, and Thr(P)-308 Akt (Cell Signaling, Danvers, MA) or tubulin (Sigma) were used according to the manufacturer's instructions for Western blotting analyses.
mRNA Isolation and Quantitative RT-PCR-Total liver mRNA was extracted with RNA Bee (Isotex Diagnostics, Friendswood, TX) based on the manufacturer's instructions. cDNA was synthesized using Vilo reagents. Quantitative realtime PCR was performed with Power SYBR Green and using an ABI PRISM 7500 sequence detection system (Applied Biosystems, Foster City, CA). Arbitrary units of mRNA of the genes of interest were corrected to the level of the 36B4 mRNA quantified by using ⌬/⌬C t . Primers were obtained through Integrated DNA Technologies (Coralville, IA). The sequences of primers used in this paper are available upon request.
Microarray Study and Pathway Analysis-Total liver mRNA was used for Illumina Mouse 6 whole microarrays (version 2). Parametric analysis of gene set enrichment was performed as described previously (20, 21) . In brief, gene sets were obtained from the Molecular Signatures Database (gene ontology gene sets, C5 collection), and Z scores and p values were calculated for each gene set. A p value of Ͻ0.05 was considered significantly changed. All data were analyzed by the R statistical software package (available at the Bioconductor Web site). All microarray data used in this study have been deposited into the NCBI GEO database (accession number GSE60349).
Histology-Harvested liver tissue samples for histology were fixed in 10% formalin for 24 h and then embedded in paraffin. Sections of the samples were stained by hematoxylin and eosin (H&E) and Mason's trichrome stains and assessed by a single pathologist blinded to the groups to which the samples belonged. Specific histological features (steatosis, inflammation, hepatocyte ballooning, and fibrosis) were evaluated and scored according to NAFLD activity score (NAS) (22, 23) . Steatosis grading was done on low to medium power evaluation of parenchymal involvement by steatosis (0 for Ͻ5%, 1 for 5-33%, 2 for 33-66%, and 3 for more than 66%). Inflammation was graded by overall assessment of all inflammatory foci on a ϫ200 field (0 for no foci, 1 for Ͻ2, 2 for 2-4 foci, and 3 for Ͼ4 foci). The ballooning score was 0 for no ballooned cells per field, 1 for few, and 2 for many. Fibrosis was graded 0 for no fibrosis, 1 for perisinusoidal or periportal/portal, 2 for perisinusoidal and periportal/portal, 3 for bridging fibrosis, and 4 for cirrhosis. NAS is the sum of steatosis, inflammation, and ballooning scores.
Plasma Aspartate Aminotransferase (AST) and Alanine Aminotransferase (ALT) Concentrations-Plasma AST and ALT concentrations were measured by using a commercially available colorimetric kinetic assay (Teco Diagnostics, Anaheim, CA) and plasma collected at sacrifice.
Tissue Lipid Measurement-Hepatic TAG content was measured after homogenizing the liver samples in PBS, solubilizing the lipids in the samples by adding 100 l of 1% sodium deoxycholate to 100 l of the liver homogenate, and then incubating for 5 min at 37°C. The TAG content was then determined using an enzymatic assay kit from Thermo Scientific following the manufacturer's instructions. DAG, free cholesterol, and free fatty acid (FFA) content was determined by mass spectrometry as described previously (24 -26) .
Statistical Analyses-Results are presented as the means Ϯ S.E. Statistical significance was calculated using an unpaired Student's t test, with a statistically significant difference defined as a p value of Յ0.05.
RESULTS

Improvements in Glucose Homeostasis in Diet-induced Obese Mice by Mogat1 Knockdown Are Associated with Enhanced
Hepatic Inflammation-We have recently shown that ASOmediated knockdown of Mogat1 in mice fed a 60% fat diet markedly improves hepatic insulin signaling and systemic glucose metabolism (13) . To further characterize the Mogat1 inhibition-induced global transcriptional changes in the liver of these mice, we performed microarray analyses and conducted parametric analysis of gene set enrichment using these gene expression data and gene ontology gene sets. Mogat1 inhibition suppressed several pathways composed of genes encoding proteins involved in fat synthesis, storage, and trafficking ( Fig. 1A , blue highlighted pathways). As reported (13), many of these genes are known to be targets of PPAR␥ (Cfd, Fsp27, and Plin4) and SREBP1 (Cidea and Elovl3) (data not shown). Interestingly, pathway analysis of the regulated genes also suggested that a number of genes encoding markers of increased oxidative stress, chemokines, and inflammatory mediators were increased, rather than reduced, by Mogat1 knockdown (Fig. 1A , red highlighted pathways). For example, glutathione S-transferase ␣1 (Gsta1) was significantly increased by Mogat1 ASO (Fig. 1B) . Serum amyloid A family (Saa2 and Saa3) expression was increased by high fat diet feeding but further increased by Mogat1 knockdown. Finally, expression of a number of chemokines (Ccl2, Ccl5, Ccl7, Cxcl9, and Cxcl10) and proinflammatory cytokines (Il1a and Il1b) were increased or tended to be increased by Mogat1 inhibition. These findings suggest a disconnect between hepatic inflammation and metabolic improvements and suggest that the inflammation that occurs in response to this diet was actually accentuated by Mogat1 inhibition.
Inhibition of Mogat1 Expression in Liver and Adipose Tissue Leads to Decreased Weight Gain and Adiposity-To properly examine the effects of Mogat1 knockdown on hepatic inflammatory correlates of NASH, mice were fed a diet rich in trans fatty acids and fructose with supplemented cholesterol Mogat1 Inhibition and NASH OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43
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(HTF-C diet). Interestingly, the HTF-C diet was not obesogenic compared with the LF diet because weight gain of mice on LF and HTF-C diets injected with control ASO was not different ( Fig. 2A ). Mogat1 ASO administration reduced weight gain compared with both the HTF-C and LF control ASO groups at weeks 13, 15, and 16 of the study ( Fig. 2A) . Decreased adiposity as evidenced by reduced fat pad weight of both the subcutaneous and epididymal fat compartments was noted (Fig. 2B) .
Mogat1 Suppression Improved Glucose Tolerance-Glucose tolerance tests done after 10 weeks of ASO administration showed that HTF-C led to a significant worsening of glucose tolerance compared with LF controls in mice injected with control ASO (Fig. 2C) , and Mogat1 ASO treatment significantly improved glucose tolerance in HTF-C-fed mice (Fig. 2C) . Insulin-stimulated Akt phosphorylation (Ser-473 and Thr-308), which was reduced in hepatocytes from mice fed HTF-C compared with LF diet, was increased by Mogat1 knockdown (Fig.  2D) . These data are consistent with our recent work showing that knocking down Mogat1 in livers of mice fed a 60% fat diet markedly improves glucose tolerance and hepatic insulin signaling (13) .
Mogat1 Knockdown in Liver and Adipose Tissue Reduced Hepatic TAG Content-Consistent with our previous observations using a 60% fat diet, hepatic expression of Mogat1 was increased in HTF-C diet-fed C57BL/6 mice compared with low fat (LF) diet controls (Fig. 3A) . The HTF-C diet also tended to increase Mogat2 expression. Mogat1 ASO administration inhibited hepatic and epididymal adipose tissue Mogat1 mRNA expression. The expression of Mogat2 was not significantly affected by Mogat1 ASO (Fig. 3A) . Mogat1 expression in the small intestine was not affected by Mogat1 ASO (Fig. 3A) . The HTF-C diet significantly increased liver weight and liver/body ratio compared with LF diet controls in mice treated with control ASO (Fig. 3B ). Mogat1 ASO treatment did not affect absolute liver weight or the liver weight/body weight ratio. A 6-fold increase in hepatic TAG content was detected in HTF-C compared with LF mice injected with control ASO (Fig. 3C) . Mogat1 ASO administration reduced hepatic TAG content compared with HTF-C control mice, although TAG was still significantly increased compared with LF controls (Fig. 3C ). Liver free cholesterol was increased in mice fed the HTF-C diet compared with the LF diet ( Fig. 3D ). However, there was no difference between the control and Mogat1 ASO groups.
Mogat1 ASO Administration Failed to Reduce Hepatic DAG Content-Interestingly, hepatic content of the product of the reaction catalyzed by MGAT1, DAG, which was increased in the livers of HTF-C control mice compared with LF control mice, tended to be further increased by Mogat1 ASO (Fig. 4A ). Indeed, all species of DAG that were increased in HTF-C mice were unchanged by Mogat1 inhibition (Fig. 4B) . These included DAG composed of saturated, monounsaturated, and polyunsaturated fatty acids. These findings are consistent with our recent work demonstrating that inhibition of Mogat1 in mice fed a 60% fat diet did not reduce, but actually increased, hepatic DAG content (13) . We also found that neither HTF-C diet nor Mogat1 inhibition had an effect on total liver free fatty acid content (Fig. 4C ). However, HTF-C diet significantly reduced the hepatic content of 14:0, 16:0, and 22:6 free fatty acids in liver (Fig. 7D ), possibly reflecting a paucity of these fatty acid species in the diet. Neither HTF-C feeding nor Mogat1 ASO treatment significantly affected plasma TAG, free fatty acids, or cholesterol concentrations ( Table 2) . OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43
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Increased Fatty Acid Oxidation and Reduced Lipogenesis following Mogat1 Knockdown-To evaluate the biochemical mechanism leading to reduced hepatic TAG content, we assessed rates of fatty acid oxidation, de novo lipogenesis, and TAG synthesis in hepatocytes of mice treated with LF or HTF-C diet with or without Mogat1 knockdown. Rates of palmitate oxidation were significantly increased ( Fig. 5A) , whereas rates of fatty acid synthesis were significantly reduced (Fig. 5B ), by Mogat1 ASO treatment. Rates of TAG synthesis were increased in both HTF-C diet-fed groups compared with LF controls, and Mogat1 ASO significantly reduced TAG synthetic rates in HTF-C hepatocytes (Fig. 5C ). Mogat1 ASO treatment was also associated with an increase in TG turnover in isolated hepatocytes (Fig. 5C ).
To determine whether these metabolic changes were associated with altered expression of genes involved in these pro-cesses, we measured the expression of genes encoding key enzymes in fatty acid oxidation, de novo lipogenesis, and TAG synthesis. We detected no significant effect of Mogat1 ASO on the hepatic expression of fatty acid oxidation (Cpt1a, Acadvl, and Acadm), lipogenic (Acaca, Fasn), or TAG synthetic enzymes (Lpin1, Lpin2, and Dgat1) that was congruent with the metabolic effects observed in biochemical assays (Fig. 5D ). The sole exception to this statement was that the expression of Dgat2, which acylates DAG to form TAG, was down-regulated by Mogat1 ASO. This change correlates with decreased TAG synthesis rates and increased turnover.
Mogat1 ASO Fails to Prevent Liver Injury in Mice on HTF-C Diet-Inspection of histological liver sections from these mice did not grossly suggest any marked improvement in hepatic steatosis, injury, or leukocyte infiltration following Mogat1 inhibition, although HTF-C clearly caused the accumulation of lipid droplets and accumulation of non-parenchymal cells (Fig.  6A ). We examined this in a more detailed analysis by having a histopathologist, blinded to treatment group, evaluate the samples and generate a NAS. Mogat1 inhibition did not improve any histological measures of steatohepatitis, including steatosis, hepatocyte ballooning, inflammation, or fibrosis grades in HTF-C-fed mice (Fig. 6B ). Overall NAS, which was increased by HTF-C compared with LF in control ASO mice, was also not improved (Fig. 6B) . Plasma AST and ALT levels were increased with HTF-C diet feeding and were not affected by Mogat1 ASO treatment (Fig. 6C) .
Mogat1 Inhibition Does Not Suppress Hepatic Expression of Gene Markers of Injury, Leukocyte Infiltration, or Stellate Cell
Activation-Multiple cytokine and inflammatory markers that are commonly induced in NASH were up-regulated with the HTF-C diet. These included pro-inflammatory cytokines (Tnfa, Il1a, and Il1b), chemokines (Ccl2, Ccl7, Cxcl1, and Cxcl10), and macrophage cell surface markers (Cd68 and Cd11b). There was no change in these markers with Mogat1 ASO treatment, with the exception of Ccl2 and Cxcl10, which were further induced by Mogat1 ASO treatment (Fig. 7A ). The expression of Ccl5 and Cxcl9 was also significantly increased by Mogat1 ASO treatment. Although the majority of mice in the HTF-C control group failed to develop fibrosis histologically, the HTF-C diet induced expression of several genes involved in liver fibrogenesis and hepatic stellate cell activation, including Col1a, Col3a, Timp1, Timp3, Mmp2, Fn1, Tgfb, Thbs, and Asma (Fig. 7B) . Mogat1 inhibition in the liver did not alter the expression of these genes except that the HTF-C-induced increase in Timp1 expression was significantly exacerbated in the Mogat1 ASO group (Fig. 7B) . Collectively, these data suggest that inhibition of Mogat1 in mice fed the HTF-C diet improves glucose tolerance and reduces hepatic TAG content but does not suppress markers of liver inflammation or injury.
DISCUSSION
The accumulation of excessive or toxic species of lipids is believed to lead to hepatocyte injury and death, driving the development of NASH. The expression of the MGAT family of enzymes has recently been shown to be highly activated in the liver of several obese mouse models as well as in obese human subjects (10, 12) . Two recent studies have shown that inhibition of Mogat1 in the liver improves hepatic and systemic metabolic indices (12, 13) . However, from those studies, it was not clear whether liver inflammation and injury were also improved. Interestingly, although Mogat1 inhibition reduced hepatic TAG content, enhanced fatty acid oxidation, reduced de novo lipogenesis, and markedly improved glucose tolerance in mice fed HTF-C diet, there was no beneficial effect on hepatic content or other lipids linked to liver injury, NASH indices, or gene expression markers for inflammation and fibrosis. Thus, improvements in glucose tolerance were surprisingly dissociated from corrections in DAG, free fatty acid, and cholesterol content as well as hepatic inflammatory end points, which have previously been associated with hepatic metabolic abnormalities. These findings also suggest that improvements in metabolic parametes may be separable from the mechanisms that regulate the development of liver injury.
It is widely believed that reducing intrahepatic lipid content will have protective effects on the development of NASH. There are several examples of knock-out mice lacking key proteins involved in lipid synthesis (27) or storage (28 -31) being protected from diet-induced hepatic steatosis. However, most of these studies showing beneficial effects detect a global reduction in intrahepatic lipid species, whereas we see a selective effect on TAG content without affecting other quantified lipids. Moreover, some work has suggested that inhibition of TAG synthesis is not necessarily beneficial toward these end points. For example, injections of ASOs against Dgat2, which catalyzes the step downstream of Mogat1, in mice on a methionine/choline-deficient diet were associated with worse liver fibrosis and apoptosis, despite a reduction in liver TAG content (32) . In our study, decreased TAG content in the livers of mice that received OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43
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Mogat1 ASO on the HTF-C diet was not associated with improvement in inflammation, injury, or markers of fibrosis. TAG is probably not a pathogenic mediator in the development of NASH, and there may actually be a protective role of storing FFA in TAG. Hepatic free fatty acids and intermediates in the TAG synthesis pathway have been implicated in the pathology of NASH (33, 34) . Impeding incorporation of FFA into TAG, the preferred and probably well buffered lipid storage form, could cause accumulation of other potentially toxic lipids, leading to hepatocyte injury or apoptosis. In this study, we found no increase in free fatty acid content of the liver with this diet. We also found dissociation between DAG and TAG accumulation, such that DAG levels remained high despite a reduction in hepatic TAG. This DAG may be produced by the other, probably predominant, triglyceride synthesis pathway in an enzymatic step catalyzed by lipin family phosphatidate phosphohydrolases. We have shown previously that the accumulation of DAG in livers of mice with diminished MGAT activity is associated with deactivation of DGAT activity (13) . Mogat1 ASO also reduced Dgat2 expression in this model, and we found that TAG turnover was increased, possibly due to reduced re-esterification of lipolytic products by DGAT and MGAT. Congruent with this, Mogat1 knockdown increased rates of palmitate oxidation independent of changes in the expression of oxidative enzymes, suggesting that more of the intrahepatic fat was directed toward an oxidative fate. Finally, rates of de novo lipo- genesis were reduced by Mogat knockdown. Whether these metabolic effects are a cause or consequence of the metabolic improvements is not clear, and the specific lipid or classes of lipids that mediate liver injury in this and other models of NASH remain to be clarified. Typical rodent high fat diets employed to cause obesity and produce hepatic steatosis are usually not associated with development of severe liver inflammation and fibrosis in mice unless they are fed for extremely long durations. In the past few years, attempts have been made to induce liver injury by using a number of permutations of the high fat diet formula (35) and/or by superimposing other insults with the dietary regimen (36 -41) . Studies utilizing a combination of high fat diets containing high levels of trans fatty acids, often in combination with increased dietary fructose or the addition of cholesterol have enjoyed success at provoking liver injury (15, 42, 43) . In the present study, we employed one of these previously used diets (15) and found that hepatocyte ballooning and other histologic indices of NASH were increased by feeding this diet for 16 weeks. Furthermore, several gene expression markers for leukocyte infiltration, inflammation, and stellate cell activation were elevated. However, histologic scoring of liver sections and hydroxyproline assays (data not shown) failed to detect fibrosis in the majority of the mice in this study. Also, compared with LF control diet mice, HTF-C diet-fed mice were not more obese. It is possible that the purified LF diet, which contains supplemented glucose, is very palatable, causing the control mice to overeat because the body weight of the LF control mice was quite high FIGURE 6 . Hepatic Mogat1 inhibition does not result in histological improvement of steatohepatitis. A, H&E-and trichrome-stained liver sections from mice fed an LF or HTF-C diet and treated with control or Mogat1 ASOs. B, graphs depict results of NAS by a histopathologist blinded to treatment group. Data points represent individual mice, and averages (open boxes) for each group are also shown. Steatosis grading was done on low to medium power evaluation of parenchymal involvement by steatosis (0 for Ͻ5%, 1 for 5-33%, 2 for 33-66%, and 3 for more than 66%). Inflammation was graded by overall assessment of all inflammatory foci on a ϫ200 field (0 for no foci, 1 for Ͻ2, 2 for 2-4 foci, and 3 for Ͼ4 foci). Ballooning score was 0 for no ballooned cells per field, 1 for few, and 2 for many. Fibrosis was graded 0 for no fibrosis, 1 for perisinusoidal or periportal/portal, 2 for perisinusoidal and periportal/portal, 3 for bridging fibrosis, and 4 for cirrhosis. NAS is the sum of steatosis, inflammation, and ballooning scores. C, plasma ALT and AST concentrations are shown. U/L, units/liter. *, p Ͻ 0.05 versus LF. Error bars, S.E. for mice of the C57BL/6 strain at this age. Nonetheless, HTF-C diet causes glucose intolerance, hepatic steatosis, and liver inflammation and injury, despite the lack of effect on body weight.
Although not a perfect model of human NASH, there are a number of aspects to this diet that make it attractive for testing hypotheses regarding the utility of novel therapeutics for NASH. For example, our previous work with inhibition of Mogat1 in mice on a 60% fat diet also showed marked improvements in hepatic insulin signaling and systemic glycemia (13) . However, we were unable to assess the effects on liver injury because that diet provokes relatively little inflammation or injury. A methionine/choline-deficient diet is associated with weight loss and increased insulin sensitivity (44, 45) and is not a faithful model for NASH in the setting of overnutrition. Our previous work, with the present study, suggests that inhibiting MGAT activity may be an effective insulin-sensitizing therapy but that this may not reduce clinical measures of NASH. The present data illustrate the need for careful assessment of potential adverse outcomes of MGAT inhibition in what might seem to be a promising therapeutic target for metabolic syndrome.
In conclusion, the current study demonstrated that inhibiting hepatic Mogat1 in a mouse model of NASH reduces weight gain, hepatic TAG content, and glucose tolerance but does not improve inflammation, injury, or markers of NASH. It may be worthwhile to re-examine these findings in other mouse models of NASH and by using other methods to inhibit MGAT activity. Additional work on inhibiting other members of the MGAT family as well as the development of mice with liverspecific knockout of these genes could help shed more light on the role of the MGAT pathway in metabolic abnormalities, simple hepatic steatosis, and NASH.
